Mitochondrial Lon1 loss impairs oxidative phosphorylation complexes and TCA enzymes and causes accumulation of specific mitochondrial proteins. Analysis of over 400 mitochondrial protein degradation rates using 15 N labelling showed that 205 were significantly different between wild type (WT) and lon1-1. Those proteins included ribosomal proteins, electron transport chain subunits and TCA enzymes. For respiratory complexes I and V, decreased protein abundance correlated with higher degradation rate of subunits in total mitochondrial extracts. After blue native separation, however, the assembled complexes had slow degradation, while smaller subcomplexes displayed rapid degradation in lon1-1. In insoluble fractions, a number of TCA enzymes were more abundant but the proteins degraded slowly in lon1-1. In soluble protein fractions, TCA enzymes were less abundant but degraded more rapidly. These observations are consistent with the reported roles of Lon1 as a chaperone aiding the proper folding of newly synthesized/imported proteins to stabilise them and as a protease to degrade mitochondrial protein aggregates. HSP70, prohibitin and enzymes of photorespiration accumulated in lon1-1 and degraded slowly in all fractions, indicating an important role of Lon1 in their clearance from the proteome.
INTRODUCTION
Protein homeostasis is controlled by both protein synthesis and protein degradation which together define protein turnover. In organelles, protein turnover is modulated externally through anterograde/retrograde communications with the nucleus altering mitochondria-targeted gene expression and internally by proteolysis and chaperones that act post-translationally on the organelle proteome. The organellar proteolysis system consists of processing peptidases that remove targeting sequences and several ATP-dependent and -independent classes of proteases and oligopeptidases which work sequentially in protein maturation, protein degradation and amino acid recycling (Kaser and Langer, 2000; Kwasniak et al., 2012) . Plant mitochondria, plastids and peroxisome are predicted to contain~200 peptidases, proteases and chaperones for internal protein quality control (van Wijk, 2015) but only a small number of these proteins have characterized functions.
Most studies of organellar proteolysis use comparative quantitative and/or positional proteomics techniques to study plant organellar proteolysis functions and substrates (Agard and Wells, 2009; van Wijk, 2015) . Comparative quantitative proteomics techniques use gel-based quantification (e.g. DIGE), labelling reagents (e.g. iTRAQ), metabolic labelling (e.g. SILAC) and labelling-free-based quantification methods to investigate protein abundance changes with/without proteolysis events or under treatments (Agard and Wells, 2009; van Wijk, 2015) . Positional proteomics such as combined fractional diagonal chromatography (COFRADIC) and charge-based fractional diagonal chromatography (CHAFRADIC) have been used to determine cleavage sites of mitochondrial peptidases of ICP55 and Oct1 (Vogtle et al., 2009; Venne et al., 2013; Carrie et al., 2015) . However, these peptide mass spectrometry techniques cannot explore the relationship between protein degradation and proteolytic events without assessment of proteolysis rate. In early studies, degradation rates of proteolysis substrates were determined by quantifying decreases in abundance after blocking protein synthesis by the translation inhibitor cycloheximide (Suzuki et al., 1994; Vogtle et al., 2009) . But this strategy is complicated by the way in which the translation inhibitor alone can introduce pleiotropic effects to cells (Clotworthy and Traynor, 2006; Oksvold et al., 2012) . Other strategy like in vivo progressive stable isotopic labelling (i.e. 15 N, 2 H and 13 C) has been applied to study protein degradation rates in plant cell culture and whole plants under steady-state conditions (Yang et al., 2010; Li et al., 2012b; Nelson et al., 2013 Nelson et al., , 2014 Ishihara et al., 2015) . We have used 15 N labelling to investigate mitochondrial protein degradation rates in Arabidopsis cell culture and the assembly of electron transport chain (ETC) complexes using BN-PAGE separation of holoenzyme complexes and smaller subcomplexes undergoing assembly. Assembly intermediates have been shown to have different degradation rates to intact complexes due to the varying latency of proteins in subcomplexes during the assembly process (Li et al., 2012a . The in vivo protein degradation rate of several substrates of mitochondrial peptidase ICP55 have been described by a 15 N labelling experiment (Huang et al., 2015) . However, no protein turnover study has been undertaken to determine the impact of the loss of a specific protease on organelle protein degradation rates in plants. In growing plants, protein synthesis contributes to the increase in biomass and differs between plant lines with varying growth rates. It is therefore a challenge to directly measure the contribution of both synthesis and degradation to protein turnover rate . However, turnover rate can be represented as degradation rate when a steady-state is reached and protein abundance does not change, or if dilution of label through growth is subtracted from calculations to enable steady-state calculations to be applied (Li et al., 2012b; Nelson et al., 2014) . Protein degradation rate of a specific protein can then be calculated by using 15 N labelling to define replacement and new growth, and under these constraints degradation can be used to represent turnover rate in the steady-state. Loss or interruption of Lon protease causes long-unviable filaments in bacteria (Donch and Greenberg, 1968) , impaired ability to live on non-fermentable media in yeast (Suzuki et al., 1994; Van Dyck et al., 1994) , delayed growth in plants (Rigas et al., 2009; Solheim et al., 2012) , and caused CODAS syndrome in humans (Dikoglu et al., 2015; Strauss et al., 2015) . Lon has two conserved protein domains: an AAA + domain for ATP-dependent protein binding related to a chaperone function and a p-domain with a S-K catalytic dyad that is responsible for proteolysis activity (Smith et al., 1999; Lee and Suzuki, 2008; Rigas et al., 2012) . In yeast, dual functions of Lon as a chaperone and a protease had been previously reported for complex V (Suzuki et al., 1994; Rep et al., 1996) , but it is not clear whether plant Lon has dual functions or not. In Arabidopsis, mitochondrial Lon1 mutants had lowered abundance of oxidative phosphorylation (OXPHOS) protein complexes, most notably complex I and V, and increased abundance of prohibitin and heat shock proteins (Solheim et al., 2012) . Also, increased abundance (Solheim et al., 2012) but low activity (Rigas et al., 2009 ) of TCA enzymes have been reported in Lon1 mutant lines. These protein abundance changes have been previously hypothesized to be due either to proteolysis dependent stability changes or chaperone-associated enzyme assembly defects (Rigas et al., 2009; Solheim et al., 2012) . To test these proposals, herein, we first applied 15 N labelling to investigate mitochondrial protein degradation and protein abundance changes in both whole mitochondria and in mitochondrial fractions with BN-PAGE separation in WT and lon1-1, the most widely studied Lon1 mutant. We then confirmed our main findings in an independent Lon1 mutant, lon1-2, by targeted quantification for protein abundance and functional tests of enzyme activity in different mitochondrial fractions. The workflow in this study and the in-depth analysis of protein degradation, abundance and activity based on solubility and native protein size could also be applied to better understand the functions of other organellar peptidases, proteases and chaperones.
RESULTS

Mitochondrial protein degradation rates in hydroponicgrown Arabidopsis seedlings
To study mitochondrial protein degradation rates in plants we switched 10-day-old hydroponically grown seedlings from media containing 14 N to 15 N salts and harvested tissues 4 days later. In isolated organelles from these tissues, 15 N was detected in 455 mitochondrial proteins. Calculations of protein degradation rates (K D ) were based on evidence of 15 N incorporation into no less than three different peptides for a protein in at least two biological replicates (Data S1).
To determine if degradation rate of proteins correlated with protein functional category, we plotted major categories that containing at least four proteins in a boxplot (Figure 1(a) ). In some cases, all members of a functional category showed similar protein degradation rates -for example in the electron transport chain (ETC) complexes, TCA enzymes and proteins of amino acid activation or degradation. However, in a number of cases, outliers in a category showed very different degradation rates from other members-for example FtsH3 (At2g29080.1; K D 0.34 day À1 , half-life 2 days) in the protein degradation category (median K D 0.03 day À1 , Half-life 23 days) (Figure 1(a) and Data S1 proteins (one-way ANOVA, P < 0.05) (Figure 1(b) and Data S1). The abundance of different mitochondrial proteases, including Lon1, is known to vary between tissue types in Arabidopsis. Cell culture has higher levels and plant tissues have much lower levels of mitochondrial proteases (Baerenfaller et al., 2008) . While the range of mitochondrial protein degradation rates (À0.06 to 0.48 day À1 ) from plant seedlings were comparable to previous reports from cell culture mitochondria (0.00-0.53 day À1 ) , it was possible that specific sets of protease targets differed. In total, degradation rates of 145 common mitochondrial proteins from cell culture were directly compared with data obtained from hydroponic plant (Data S2) and (Figure 1(c) and Data S2). The protease FtsH3 was identified as the fastest degradation protein in both hydroponic plants and cell culture (Figure 1(c) ).
Specific protein degradation rates and abundances change in the absence of Lon1
To investigate the cause of low OXPHOS complex and high TCA enzyme abundance in Lon1 mutants (Solheim et al., 2012) , we analysed mitochondrial protein degradation rates in lon1-1 and WT (Figures S1 and S2(a) (Figure 2 and Data S3). For example, proteins in ETC complexes, Amino Acid Degradation and Protein Synthesis (mainly consisting of ribosomal proteins) groups were less stable in lon1-1. In contrast, proteins in the Photorespiration and PPR groups were more stable in lon1-1 than in WT.
We assessed the correlation between degradation rates and changes in protein abundance using peptide counting from data in this study and from previous study based on DIGE/iTRAQ quantitation (Solheim et al., 2012) . We separated the proteins with significant differences from both studies into three groups based on different patterns (Table 1) . Group 1 proteins were less stable and lower in abundance in lon1-1, and included ETC subunits, TCA enzymes, ADP/ATP carrier 1, TOM40, adenylate kinase 1 and formate dehydrogenase, consistent with the putative role of Lon1 as a chaperone role. Group 2 proteins were less stable but higher in abundance in lon1-1 and included chaperones, TCA enzymes and the delta subunit of complex V, consistent with increased protein synthesis to compensate for degradation. Group 3 proteins were more stable and more abundant in lon1-1, suggesting they could be targets of Lon1 proteolysis. This group contained chaperones, photorespiration enzymes, VDAC3 and an ARM repeat protein. We found some outer membrane proteins such as TOM40 and VDAC in Group 1 and 3. Their different location to Lon1 within mitochondria suggests their degradation and abundance changes is due to secondary effects caused by Lon1 loss rather than being direct Lon1 targets.
Solubility and size associated changes in protein degradation rates in the absence of Lon1
The different patterns of protein degradation rate and protein abundance observed may have obscured difference in populations of the same protein, present in insoluble/soluble fractions or in protein complexes of different sizes. We have observed this situation previously in directed analysis of OXPHOS complexes in membrane and soluble fractions (Li et al., 2012a . In addition we were mindful of reports of insoluble protein bodies detected by microscopy in lon1 mitochondria (Suzuki et al., 1994; Rigas et al., 2009; Strauss et al., 2015) . These could all complicate interpretation of our data regarding total degradation rates on a whole mitochondrial basis ( Figure 2 ). To investigate the relationships between protein degradation and protein abundances in lon1-1 further, each degradation rate was separately assessed in a high-speed derived insoluble protein fraction containing membrane and high density insoluble proteins, and a soluble protein fraction from the supernatant ( Figure S1 ). Mitochondrial protein fractions were further separated by blue native (BN)-PAGE to assess the size of the protein complexes being analysed (Figures S1 and S2(b) ). In total, 167 proteins with quantified protein degradation rate by SDS-PAGE were detected in fractions of insoluble and soluble protein following BN-PAGE separation (Data S4). Ninety-four proteins with significant changes in protein degradation rate by SDS-PAGE were shown (Figures 3 and 4) . In general, most mitochondrial proteins had higher degradation rates in the soluble fraction and showed decreased degradation rates in the insoluble pellet in lon1-1 (Figures 3 and 4) . Exceptions included mtHsc70-1, SHMT1, PHB1, an ARM repeat protein, stomatin-like protein1, photorespiration glycine cleavage T and P proteins and several other proteins, which showed lower degradation rates in lon1-1 across all the fractionated samples analysed. By hierarchical clustering of the changes in protein degradation and protein abundance from total mitochondrial and fractionated (BN-PAGE) samples, three cluster groups were identified (clusters 1, 2 and 3 in Figure S3 ) and these correlated with the original groups 1-3 outlined in Table 1 . Loss of Lon1 leads to stable but less abundant amounts of assembled complex I and V Thirty-two OXPHOS proteins degraded faster and were lower in total abundance in lon1-1 (Figures 3 and 4 and  Table 1 ). Subunits within fully assembled complex I (Figure S2(b) ; insoluble fractions F1-F3) have the lowest degradation rates, suggesting the high stability of complex I once it was assembled in lon1-1. In contrast, the matrix arm subunits of complex I (75 kDa, 51 kDa, 24 kDa and CA2) showed higher degradation rates in the soluble fractions in lon1-1, suggesting lower stability of smaller non-assembled complex I subcomplexes. Similarly, complex V fully assembled subunits in the insoluble membrane pellet ( Figure S2 (b); insoluble fractions F5 and F7) had decreased protein degradation rates in lon1-1. Complex II subunits do not show a noticeable change in degradation rate in lon1-1. Complex III subunits showed decreased or unchanged degradation rates ( Figure S2 (b); insoluble fractions F1, F2 and F6), while the only change for a subunit of complex IV was an increased degradation rate of COX2 in the insoluble pellet. The number of peptides matching individual OXPHOS proteins was counted to estimate protein abundance in each size-based protein subfraction (Figure 4 (a) and Data S5). In general, OXPHOS subunits accumulated in the insoluble fractions with low native molecular mass and across most sets of soluble protein fractions (Figures 4(a) , S2(b) and S4(a)). For complex I, the fully assembled holoenzyme (insoluble fractions F1-F3) was less abundant in lon1-1, which is consistent with a previous report of its low abundance and activity (Solheim et al., 2012) . However, smaller native subcomplexes containing complex I subunits (CA1, CA2, CAL1, CAL2, B13, 51 kDa and 24 kDa) were found to be more abundant in insoluble pellet fractions in lon1-1 (insoluble fractions F6, F9, F10 and F12-F15). In soluble fractions, accumulation of 75 kDa, 51 kDa, 24 kDa and B13 subunits was observed in lon1-1.
In a similar manner, complex V was less abundant in its high molecular mass assembled form (Figures 4(a) , S2(b) and S4(a); insoluble F5), while individual b-and OSCP subunits show increased protein abundance in low molecular mass insoluble fractions (F9-F15) and soluble protein fractions (F6-F12). For complex III, although no significant changes in protein abundance were found in assembled holoenzyme (insoluble fractions F1, F2 and F6), most subunits were found to accumulate in other insoluble fractions (F3-F5 and F13-F15) and soluble protein fractions (F5-F12) in lon1-1, indicating some disruption or alteration of its assembly in lon1-1.
Faster degrading and less abundant soluble TCA enzymes in lon1-1 TCA enzymes showed increased total protein degradation rates and slightly increased total protein abundance in lon1-1 (Figure 4(b) ). However, after separation into soluble and insoluble fractions, two distinguishing patterns were identified. In the soluble fraction, most TCA enzymes show high degradation rates and lower protein abundance (Figures 4(b) and S4(b)) with the exception of fumarase and IDHs (At2g47510; At5g14590) which had stable or slight increases in abundance. In the insoluble pellet, TCA enzymes have low degradation rates and higher protein abundance. The accumulation of very stable TCA enzymes in lon1-1 suggests an insoluble protein population of the enzymes was being collected in the pellet by centrifugation. This result could be consistent with the low TCA cycle enzyme activities reported in total mitochondrial extracts from lon1-1 (Rigas et al., 2009) .
Proteins inhibited in their degradation rate accumulated in lon1-1
Several specific proteins decreased in total protein degradation and increased in total abundance (Figures 4(c) and S4(b) and Table 1 ). SHMT1, mtHsc70-1 and an ARM repeat protein were among these proteins. These proteins all showed decreased degradation rates in most of the insoluble pellet and soluble fractions and increased protein abundance in most of the insoluble pellet fractions with no obvious change or a slightly increase in abundance in soluble fractions (Figures 4(c) and S4(b)).
Lon1 mutant lines show consistent changes in abundance and enzyme activity in soluble and insoluble mitochondrial fractions To confirm our major findings are due to Lon1 disruption, we performed multiple reaction monitoring (MRM) assays of targeted proteins to measure abundance in two independent lines, the point mutation lon1-1 and the T-DNA insertion mutant lon1-2 (Rigas et al., 2009) . Consistent with our initial spectral counting assessments of abundance changes (Figure 4(a, c) ), both mutant lines show accumulation of peptides from complexes I and V in the soluble fraction but decreased abundance in total mitochondria; and accumulation of Group 3 proteins in total mitochondrial and all subfractions ( Figure 5(a) ).
For TCA enzymes, the existence of multiple isoforms would complicate abundance and enzymatic activity analysis, so we selected fumarase (FUM) and citrate synthase (CS) which are single polypeptides in mitochondria and derived from single protein-coding nuclear gene loci in Arabidopsis (Figure 5(b, c) and Data S6). FUM showed a relative steady protein abundance, but a significant activity decrease in soluble fractions of both mutants ( Figure 5(b, c) ). CS show steady abundance in total mitochondria and a significant abundance decrease in soluble fractions in both mutants, but significant F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  F13  F14  F15  F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12   III F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  F13  F14  F15  F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12   III 
DISCUSSION
Differences between degradation rates of mitochondrial proteins are conserved between tissues
Proteins from the same functional category, especially protein complexes, show relatively similar degradation rates in hydroponic plants (Figure 1(a) and Data S1) and these mirrored the ranges we observed previously in cell culture mitochondria . The similar protein degradation rate of different subunits within a protein complex could aid the coordination of nuclear and mitochondrial-encoded subunit availability for the maintenance of complex stoichiometry (Giege et al., 2005) . However, there were exceptions to this convergence of rates that point to possible regulatory components or the ordering of assembly events. For example, within the members of the protein synthesis group, there is an apparent order in degradation rates with elongation factors being the fastest, small subunit proteins being intermediate and large subunit proteins being the slowest (Figure 1(b) ). Protein degradation differences between subunits or subcomplexes can reflect the order of protein complex assembly pathways (Li et al., 2012a (Li et al., ,b, 2013 . The observed groups of degradation rates amongst proteins functioning in protein synthesis may support the hypothesis that small and large subunit proteins are assembled into the ribosome in a defined order (De Silva et al., 2015) . There are some outliers that show obviously different degradation rates from the average of their functional category (Figure 1(a) and Data S1). The complex I matrix arm B17.2 kDa protein (At3g03100) and 20 kDa (PSST) protein (At5g11770) and complex IV subunit COX VIa (At4g37830) are outliers in their protein complex in our analysis. This is also consistent with previous findings regarding the same proteins that show fast degradation in cell culture mitochondria Nelson et al., 2013) . The high degradation rates of these specific subunits in mitochondria isolated from both hydroponic plants and cultured cells demonstrate their specialized role in assembly or that they degrade more rapidly within their corresponding protein complexes. Generally there was a positive correlation ( Figure 1(c) ; R = 0.56) for mitochondrial protein degradation rates between data from hydroponically plants and cultured cells, however, TCA cycle proteins were an exception that showed a weak negative correlation (Data S2; R = -0.12). Generally, TCA enzymes degraded faster in hydroponically plants grown with a day/night cycle than in light-grown cultured cells (Figure 1(c) and Data S2) which is consistent with the diurnal patterns of changes in TCA cycle enzyme abundances in whole plants (Lee et al., 2010) that are required to coordinate mitochondrial metabolism with the changes in chloroplast and peroxisome function over the course of the day.
Disentangling the loss of the chaperone and proteolysis features of Lon1 in mitochondrial membrane protein complexes
In yeast, the presence of proteolytically inactive Lon1 enhanced mitochondrial membrane complex assembly (Rep et al., 1996) , indicating that the chaperone role of Lon1 is independent of its protease role. A poorly developed inner membrane composed of few discernible cristae has been reported to be correlated with less ETC complexes and supercomplexes (Cogliati et al., 2013) . In Arabidopsis, both complexes I and V decreased in abundance in lon1-1 and lon1-2 (Rigas et al., 2009; Solheim et al., 2012) (Figures 4-6) . The low complex I and V abundance in Lon1 mutants could be caused either by: (i) unstable holoenzymes that are prone to be degraded; or (ii) deficiency in assembling holoenzymes. The first explanation is not supported by our findings because the subcomplexes with faster 15 N incorporation are relative young proteins in our progressive labelling. Based on their abundance and our calculations these subcomplexes cannot be breakdown products from the relatively old holoenzymes that show slow 15 N incorporation. In addition, intact holoenzymes in lon1-1 are more stable than those in WT (Figures 3 and 4) . The explanation of deficiency in assembly is supported by the accumulation of complex I and V soluble subcomplexes with higher degradation rates in lon1-1 (Figures 4 and 5) . This is also consistent with the idea of subcomplexes being blocked for further assembly into the mitochondrial inner membrane and therefore accumulating in abundance (Figure 6) .
A similar phenomenon to what we observe for complex I in lon1-1 occurs in Arabidopsis complex I mutants where subcomplexes of complex I accumulate (Meyer et al., 2011) . Modular assembly of complexes I and V in Arabidopsis has been shown to require the formation of such assembly intermediates (Li et al., 2012a . It is still unclear which assembly factors or chaperones are involved in matrix subunits assembling into the membrane components of ETC complexes in plants, but it appears Lon1 might participate in this process for both complex I and V.
In yeast, Lon1 have chaperone and proteolysis dual functions for complex V: a chaperone role to promote its assembly and an ATP-dependent proteolysis role to degrade non-assembled b-subunit (Suzuki et al., 1994; Rep et al., 1996) . In Arabidopsis, the deficiency in assembling holoenzymes indicates a similar role for Lon1. If Arabidopsis Lon1 primarily performs proteolysis of non-assembled proteins, slower protein degradation rate would be expected. However, we found non-assembled soluble complex V b-subunit has faster degradation rate in the Lon1 mutant line (Figure 6 ) which suggests other degradation pathways rather than Lon1 itself participate in the breakdown of unassembled b-subunit. Recently, knockout of Arabidopsis mitochondrial FtsH4 lead to an elevated abundance of other proteases including Lon1 (Smakowska et al., 2016) indicating a degree of functional compensation of different proteases in mitochondrial protein homeostasis.
Assessing a role of Lon1 in protein aggregation
Early microscopy studies in yeast, plant and human Lon1 mutants detected electron-dense inclusion bodies which were proposed to be protein aggregates in the matrix (Suzuki et al., 1994; Rigas et al., 2009; Strauss et al., 2015) , but without any information on its composition. These electron-dense bodies appear to be hydrophobic structures in the mitochondrial matrix and thus would co-precipitate with the high-speed insoluble pellet or ultra-high-speed pellet ( Figure S1 ). We propose that electron-dense bodies in lon1 likely contain unfolded/damaged soluble proteins including some TCA enzymes. Evidence for this is that TCA proteins in lon1-1 can be separated into two populations based on their degradation rates: soluble enzymes with low abundance and faster degradation rate and insoluble enzymes in accumulated aggregates with lower degradation rate (Figures 4  and 6 ). CS in both lon1-1 and lon1-2 lines accumulated in the insoluble fraction and significantly decreased in abundance in the soluble fraction ( Figure 5(b) ) presumably due to protein aggregation. Relatively high CS specific activity in the soluble fraction in Lon1 lines compared with WT (Figure 5(c) ) indicated proper folding for enzymatic function of the soluble pool of CS. The increase of fumarase abundance in the soluble fraction (Figure 4 ) was further confirmed by MRM analysis in both mutant lines (Figure 5(b) ), indicating that Lon1's function in TCA protein aggregation may be selective. Significantly lower FUM activity in the soluble fraction and slightly higher abundance in lon1 mutants indicated that FUM is not properly folded for function but it was not forming more aggregated products in lon1 mutants than in WT. These observations indicated that Lon1 plays a chaperone role in aiding the proper folding of TCA proteins and as a protease role to degrade unfolded TCA aggregates. However, it is possible that TCA enzymes or other proteins have a different denatured conformation state in lon1 mutants that could then be substrates for other proteases in mitochondria.
Identifying old proteins that accumulate in the absence of Lon1
Proteins with low degradation rates that accumulate in the matrix of lon1-1 mitochondria are potential targets of Lon1- dependent proteolysis. We found the HSP70 isoform mtHsc70-1 (At4g37910) show significantly decreased total degradation in lon1-1 while another isoform, mtHsc70-2 (At5g09590), was not affected (Data S3). This suggests specificity in the response to the loss of Lon1 between two proteins that share >80% protein sequence identity. HSP70 is known to be required by Lon1 for both folding and degradation of mitochondrial proteins to prevent protein aggregation in yeast (Savel'ev et al., 1998; Bayot et al., 2010) . However, in insoluble and soluble fractions containing complex I and V (Figure 4(c) ), mtHsc70-1 exhibited increased protein degradation and was more abundant in lon1-1 than WT. We hypothesise that a population of newly synthesized mtHsc70-1 may be recruited for the stability or assembly of complex I and V, but that the bulk of mtHsc70-1 ages in the absence of Lon1. These observations are consistent with a report that HSP70 promotes mitochondrial-encoded complex V subunit assembly in yeast (Herrmann et al., 1994) .
Prohibitin 1 showed slower degradation in the insoluble membrane fractions of respiratory supercomplexes but with no obvious change in abundance (Figure 4 ). In contrast, it accumulated significantly in low-molecular-weight membrane fractions which explain its overall protein abundance increase in lon1-1. Prohibitin is known to directly interact with Lon1 in yeast (Bayot et al., 2010) . Plant prohibitins are also able to form complexes that interact with the m-AAA proteases FtsH3/10 (Piechota et al., 2010) . We propose that loss of Lon1 affects prohibitin 1 assembly into complexes and thus non-assembled forms accumulate in lon1-1. An ARM repeat protein, previously identified to bind zinc (Tan et al., 2010) but otherwise of unknown function, also showed a lower degradation rate and higher Fast degrading non-assembled subcomplexes, such as the complex I 75 kDa, 51 kDa and 24 kDa subcomplex; carbonic anhydrase-related sub-complex and complex V beta subunit containing subcomplex, were found to accumulate in the soluble or insoluble fraction. These nonassembled subcomplexes are blocked from assembly into holoenzymes due to the lack of Lon1. This slows down the biogenesis and renovation of membrane ETC complexes including complexes I and V, which result in their lower abundance and slow degradation rate. TCA enzymes in the matrix have fast degradation and decreased abundance in lon1-1, which is consistent with reported lowered abundance of TCA cycle metabolites (Solheim et al., 2012) . TCA enzymes which are unfolded and/or damaged accumulate as protein aggregates which have been identified as electron-dense bodies in the absence of Lon1 (Suzuki et al., 1994; Rigas et al., 2009; Strauss et al., 2015) . Proteolysis of photorespiration proteins such as SHMT1 and GDC is dependent on Lon1 and these proteins show slower degradation rate and increased protein level in Lon1's absence. The colour of each element describes the relative DK D value (À1, 1). Proteins unquantified or that do not significantly change are shown in grey. Arrows show direction of changes in protein abundance (peptide counts) and metabolite abundance (Solheim et al., 2012) in lon1-1.
abundance in lon1-1. We observed that the outer membrane protein VDAC3 fitted our criteria to be a member of Group 3 (Table 1) . VDAC3 is able to interact with thioredoxin m2 and is reported to play a role in salinity response (Zhang et al., 2015) . Most recently, VDAC3 was proposed to work as a sensor of oxidative state of the mitochondrial intermembrane space in mammals (Reina et al., 2016) . We hypothesis the altered degradation and abundance of VADC3 could therefore be related to the oxidative state changes induced in lon1 (Solheim et al., 2012) , but given VDAC3's outer mitochondrial membrane location, this must be an indirect effect of Lon1 loss. Photorespiration related proteins, such as serine hydroxymethyltransferase-SHMT1 (At4g37930), glycine cleavage T-protein (At1g11860) and glycine decarboxylase P-protein (At2g26080) were also shown to accumulate in abundance and have slow degradation rates in lon1-1 (Table 1 and Figure S3) . SHMT1 degradation rate was also reported to be reduced by knockout of the mitochondrial intermediate cleavage peptidase, ICP55 (Huang et al., 2015) . Interestingly, Lon1 and ICP55 are tightly co-expressed genes in Arabidopsis ( Figure S6 ). It is thus conceivable that Lon1 is involved in the degradation of a set of photorespiratory enzymes in plant mitochondria. In total, 30-50 g fresh weight of Arabidopsis seedlings from each biological replicate of non-labelled and 15 N labelled sample were homogenized with mortar and pestle in 90-150 mL cold grinding medium (0.3 M sucrose, 25 mM tetrasodium pyrophosphate, 1% (w/v) PVP-40, 2 mM EDTA, 10 mM KH 2 PO 4 , 1% (w/v) BSA, pH 7.5, 20 mM sodium ascorbate, 20 mM cysteine). The homogenate was filtered through Miracloth, centrifuged at 2450 g for 5 min and the resulting supernatant was then centrifuged at 17,400 g for 20 min. The organelle pellet was washed by repeating the 2450 g and 17 400 g centrifuge twice in sucrose wash medium (0.3 M sucrose, 10 mM TES, 0.1% (w/v) BSA, pH 7.5). The resulting pellet of organelles was resuspended and layered over a 35 mL continuous 28% Percoll density gradient consisting of 0-4.4% PVP-40. The gradient was centrifuged at 40 000 g for 45 min. The mitochondrial band was collected and diluted with sucrose wash medium without BSA (0.3 M sucrose, 10 mM TES, pH 7.5) and centrifuged at 31 000 g for 15 min. The previous step was then repeated before resuspending the mitochondrial pellet in residual wash medium without BSA. Freshly isolated mitochondria were quantified with the Bradford assay protocol, and stored in aliquots at -80°C for later analysis. Here, 100 lg of mitochondrial protein from each WT or lon1-1 biological replicate was used for SDS-PAGE.
Fractionation of mitochondria into insoluble and soluble fractions for separation by blue native PAGE or targeted quantification by MRM Mitochondrial samples corresponding to 1 mg of protein from each replicate were used for fractionation of insoluble and soluble fractions. Mitochondria were frozen and thawed in three cycles before being vortexed at 4°C for 5 min, with 30 sec intervals between every 30 sec vortexing. Sucrose wash medium without BSA was added to fill 2 mL centrifuge tubes a brief vortexing dispersed the soluble proteins. Samples were centrifuge at 18 000 g for 10 min to pellet an insoluble membrane fraction. Crude soluble fraction was centrifuged at 100 000 g for 60 min to pellet any contaminating insoluble or membrane fraction. Soluble proteins in the supernatant were concentrated using a 3 kDa cut-cut off filter (Ultracel, Amico, Merck Milipore, Darmstadt, Germany). Insoluble proteins corresponding to 250 lg of mitochondria and soluble proteins from the original 1 mg of total mitochondria were dissolved in 100 lL of digitonin solubilisation buffer (30 mM HEPES, pH7.4, 150 mM potassium acetate, 10% (v/v) glycerol, digitonin 50 mg/mL). The steps of digitonin solubilisation and blue native gradient gel (4.5-16% (w/v) polyacrylamide) separation were as described previously (Solheim et al., 2012) . Protein in-gel trypsin digestion, identification and quantification of peptides using mass spectrometry were presented in Methods S1. Peptides from trypsin digested protein extracts of 150 lg total mitochondria, 150 lg insoluble, 50 lg 100 K highspeed pellet and 20 lg soluble fractions of WT and Lon1 mutants were analysed by triple-quadrupole mass spectrometry as previously described (Huang et al., 2013) . For each peptide, unique transitions (precursor ion to product ions) were selected based on earlier MS-Q-TOF experiments (Data S6). A 6495 triple-quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) controlled by MassHunter Workstation Data Acquisition software (version B.07.01, build 7.1.7112.0, Agilent Technologies) was operated in positive ion mode with the fragmentor voltage set to 130 V and dwell time to 20 msec for each transition MRM data were analysed in Skyline (version 3.5.0.9319, MacCoss Lab, University of Washington, USA; https://skyline.gs.washington.edu) by integrating peak areas for each quantifier ion. To correct for differences between runs the sum of all detected peptides in each run was calculated and used as a division factor for normalisation. Figure S5 ). This overall higher degradation rates shift makes it difficult to compare lon1-1 and WT protein degradation rates within the same scale. In addition, sterile requirements in hydroponically grown Arabidopsis make it impossible to measure FCP and commit 15 N labelling simultaneously. This would result in imprecise estimation of FCP in each sample and affect the calculation of protein degradation rate. Thus, a median polish strategy that had been widely used for multiple experiments normalization (Lim et al., 2007) was employed to pre-process the data. Median value of protein degradation rates average from three WT biological replicates (0.08 day À1 ) was used as a control for median polish. The median LPF value in each sample is a good indicator of FCP for an independent experiment. Based on single time point protein degradation rate calculation method (Li et al., 2012b) , a calculated FCP for each sample can be deduced (i.e. calculated FCP). 
Estimation of protein abundance by peptide number counting
Identified peptides (peptide probability > 0.95) were further considered for peptide number counting. An in-house Peptide-Counter script was used to calculate the number of peptides identified in each fraction for a specific protein. For BN-PAGE data, peptide counting comparison of the same protein from WT or lon1-1 in each fraction was presented as a relative ratio (i.e. (lon1-1-WT)/ Average (lon1-1, WT)). For SDS-PAGE data, the peptide counts for a protein from different fractions were summed up in WT or lon1-1 before presenting counts as a relative ratio.
Fumarase and citrate synthase activity assays
Fumarase (FUM) activity was determined by measuring a colorimetric product with absorbance at 450 nm proportional to the enzymatic activity provided by a Sigma fumarase activity colorimetric activity assay kit (MAK206). One unit of FUM is the amount of enzyme that generates 1 lmol of NADH min À1 at 25°C. Citrate synthase (CS) activity was determined by measuring a yellow product (TNB) with absorbance at 412 nm provided by a Sigma citrate synthase assay kit (CS0720). One unit of CS is the amount of enzyme that generates 1 lmol of TNB min À1 mL À1 at 25°C. The procedures for activity assays in total mitochondria and fractionated insoluble, 100 K pellet, soluble fractions followed the kit manufacture's instructions (Sigma-Aldrich, Castle Hill, NSW, Australia).
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Additional Supporting Information may be found in the online version of this article. Figure S1 . WT and lon1-1 protein degradation rate measurement workflow. Figure S2 . WT and lon1-1 mitochondrial protein separations. SDS-PAGE separation and fractionation (A); mitochondrial insoluble pellet and soluble protein fractionation and BN-PAGE separation (B). Figure S3 . Clustering analysis of protein degradation and protein abundance changes in lon1-1. Mev 4.9.0 HCL clustering with Pearson correlation distance was used to cluster 94 proteins into three groups: Cluster 1 (Red Column), Cluster 2 (Green Column) and Cluster 3 (blue Column). Fonts are coloured as in Figure 3 . Figure S4 . Protein abundance estimation by peptide number counting in mitochondrial insoluble membrane pellets and soluble fractions. ETC complexes subunits (complex I, complex III and complex V) (A); TCA and Group 3 proteins (B). Figure S5 . The impact of median polish to pre-process the protein degradation data in lon1-1 and WT. Mitochondrial proteins identified and quantified in both lon1-1 and WT were plotted by boxplot and violin plots (A); proteins in major functional categories were plotted by boxplot (B) before and after median polish normalization. Figure S6 . Transcripts co-expressed with Lon1 based on microarray studies of different Arabidopsis tissue types (based on data from ATTED-II). Data S1. Measurements of protein degradation rates in hydroponic Arabidopsis plants. Data S2. Comparison of protein degradation rates of mitochondrial proteins from cell culture and hydroponic plants. Data S3. lon1-1 and WT SDS-PAGE and BN-PAGE protein degradation raw data. Data S4. Protein degradation and abundance comparison between lon1-1 and WT. Data S5. Peptides counting data from SDS-PAGE and BN-PAGE for estimation of protein abundance. Data S6. Quantification of targeted protein abundances in mitochondrial fractionations of WT and Lon1 mutants. Methods S1. Identification and quantification of peptides using mass spectrometry and median polish normalization for protein degradation comparison.
